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especially	 for	 species	 vulnerable	 to	 anthropogenic	 and	 climatic	 impacts.	 The	 tiger	
shark,	Galeocerdo cuvier,	is	an	apex	predator	known	to	play	important	direct	and	indi‐
rect	roles	in	tropical	and	subtropical	marine	ecosystems.	While	the	global	and	Indo‐













ing	 the	bottleneck.	Together,	 these	 results	 indicate	 low	genetic	diversity	 that	may	
reflect	a	vulnerable	population	sensitive	to	regional	pressures.	Conservation	meas‐
ures	are	thus	needed	to	protect	a	species	that	is	classified	as	Near	Threatened.
K E Y W O R D S
approximate	Bayesian	computation,	bottleneck,	effective	population	size,	microsatellite	DNA,	
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1  | INTRODUC TION
Study	of	 large	sharks,	 including	the	tiger	shark	Galeocerdo cuvier, 
the	great	white	shark	Carcharodon carcharias,	and	the	whale	shark	
Rhincodon typus,	 is	 challenging	 as	 these	 species	 spend	 substan‐
tial	periods	of	their	lifetime	in	open	ocean	waters.	Consequently,	
data	concerning	basic	aspects	of	their	biology,	such	as	migration	
patterns	 and	 population	 structure,	 are	 limited	 (Conrath,	Musick,	
Carrier,	 &	 Heithaus,	 2012;	 Musick,	 2010).	 Understanding	 the	
ecological	 role	 of	 large	 sharks	 in	 marine	 ecosystems	 also	 re‐
mains	 incomplete.	 However,	 as	 apex	 predators	 they	 are	 consid‐
ered	 to	 exercise	 important	 functions	 in	 marine	 food	 webs	 via	




and	 low	 fecundity	 (Musick,	Burgess,	Cailliet,	Camhi,	&	Fordham,	
2000).	This	renders	them	vulnerable	to	overexploitation	with	low	











species	 in	marine	 ecosystems	 through	 predation	 or	 by	 inducing	
behavioral	modifications	 of	 its	 prey,	 and	 thus	 indirectly	modify‐
ing	primary	producer	community	structure,	biomass,	and	nutrient	






et	al.	 (2006)	 estimated	 that	 ~400,000–500,000	 tiger	 sharks	 are	
caught	annually	for	the	shark	fin	trade	globally.	Furthermore,	this	
species	is	currently	targeted	by	shark	control	programmes	in	the	
Indo‐Pacific:	 South	 Africa	 (Cliff	 &	 Dudley,	 1991;	 Dudley,	 1997;	
Sumpton,	Taylor,	Gribble,	McPherson,	&	Ham,	2011)	and	Australia	
(Holmes	et	al.,	 2012;	Reid	&	Krogh,	1992;	 Simpfendorfer,	 1992),	
and	formerly	in	Hawaii	(Wetherbee,	Lowe,	&	Crow,	1994).	It	is	also	
reported	 as	 bycatch	 in	 pelagic	 fisheries,	 in	 the	Western	 Pacific	
(Polovina	&	Lau,	1993)	and	in	the	southern	(Afonso	&	Hazin,	2014)	
and	northwestern	Atlantic	(Baum	et	al.,	2003).	Trends	in	long‐term	
catch	 and	 catch	 rates	 are	 difficult	 to	 obtain	 for	 sharks	 not	 spe‐
cifically	targeted	by	fisheries.	Nevertheless,	long‐standing	control	
programmes	 as	well	 as	 logbooks	 from	 the	 longline	 fishing	 fleets	
do	 provide	 long‐term	 data	 using	 standardized	 fishing	 methods,	
which	may	be	used	to	assess	catch	per	unit	effort	trends	over	time.	
Tiger	 shark	 catch	 rates	 in	 control	 programmes	 appear	 to	 be	 in‐
creasing	in	KwaZulu‐Natal,	South	Africa	(Dudley	&	Simpfendorfer,	










(Domingo	et	al.,	 2016;	Polovina	&	Lau,	1993).	More	 recently,	 tiger	




Garla,	 &	 Hazin,	 2017;	 Heithaus,	 Wirsing,	 Dill,	 &	 Heithaus,	 2007;	
































appeared	 genetically	 differentiated	 from	 all	 other	 locations,	 perhaps	
due	 to	 more	 restrictive	 movement	 behaviors	 and	 greater	 residency	
exhibited	by	sharks	from	this	area	(Meyer	et	al.,	2010;	Papastamatiou	










2017).	 Using	 nine	microsatellite	 loci,	 Holmes	 et	al.	 (2017)	 confirmed	
genetic	 isolation	 between	 the	western	Atlantic	 and	 the	 Indo‐Pacific.	
Further,	the	high	connectivity	around	Australia	found	by	Bernard	et	al.	





Ocean	 (233	 individuals	 from	 four	 locations),	 the	 eastern	 Indian	
Ocean	(nine	individuals	from	one	location),	and	the	western	Pacific	










2  | MATERIAL S AND METHODS
2.1 | Sampling
Samples	 were	 collected	 in	 four	 locations	 in	 the	 western	 Indian	
Ocean	 (Zanzibar,	 ZAN:	 n = 8;	 South	 Africa,	 SAF:	 n = 34;	 the	
Seychelles,	 SEY:	n = 24;	Reunion	 Island,	RUN:	n = 167),	 and	 in	 the	
eastern	Indian	Ocean,	along	the	Australian	west	coast	(AUS1:	n = 9).	
Samples	were	collected	 in	 the	western	Pacific	 from	the	northeast	
coast	of	Australia	(Queensland,	AUS2:	n = 10)	and	in	New	Caledonia	
(NCA:	n =	23;	 Figure	1).	 Samples	 came	 from	 individuals	 caught	 by	
fishermen	or	shark	control	programmes	(fin	clips	or	muscle	tissue)	





The	 genotyping	 of	 all	 samples	was	 performed	 at	 30	microsat‐
ellite	 loci.	Twenty‐six	of	 them	were	species‐specific	 loci:	 the	eight	
Gc‐loci	developed	by	Pirog,	Jaquemet,	Blaison,	Soria,	and	Magalon	
(2016),	 the	 nine	 TGR‐loci	 developed	 by	 Bernard,	 Feldheim,	 and	
Shivji	 (2015),	 and	 the	 nine	 TIG‐loci	 developed	 by	 Mendes	 et	al.	
(2016).	The	remaining	microsatellite	 loci	were	originally	developed	




Cl14,	 and	 Cl17	 were	 directly	 fluorochrome‐labeled	 (using	 6‐FAM,	




multiplexed	 post‐PCR	 in	 five	 panels	 (Appendix	 S1).	 PCR	 products	
were	 genotyped	 using	 an	 ABI	 3730XL	 capillary	 sequencer	 at	 the	
Plateforme	Gentyane	(INRA,	Clermont‐Ferrand,	France).	Allelic	sizes	
were	determined	with	GeneMapper	v.4.0	(Applied	Biosystems)	using	
an	 internal	 size	 standard	 (Genescan	 LIZ‐500,	Applied	Biosystems).	
Of	the	nine	loci	developed	by	Bernard	et	al.	(2015),	we	did	not	keep	
TGR233	as	we	 found	 it	difficult	 to	 read.	Of	 the	 loci	developed	by	
Mendes	et	al.	(2016),	we	did	not	keep	either	TIG05,	as	it	was	difficult	










Microsatellite	 genotypes	 generated	 by	 Holmes	 et	al.	 (2017)	
and	 Bernard	 et	al.	 (2016)	 were	 also	 added	 to	 the	 present	 study	
(Figure	1;	 Table	1).	 Individuals	 from	 Australia	 genotyped	 in	 this	










TA B L E  1  Summary	of	Galeocerdo cuvier	sampling	locations	and	number	of	individuals	from	this	study,	Holmes	et	al.	(2017)	and	Bernard	
et	al.	(2016),	as	well	as	the	molecular	markers	used	in	each	study	and	the	different	datasets	analyzed	in	the	present	study




























TGR47; TGR212; TGR348; TGR891; TGR943; TGR1033; TGR1157; TGR1185e 
TGR233
Mitochondrial	loci CR; COI CR; COI
cytb




CR (n =	538) CR (n	=	538)
Notes.	In	bold	are	indicated	samples	or	markers	in	common	in	several	studies.
aPirog	et	al.	(2015).	bPirog	et	al.	(2016).	cKeeney	and	Heist	(2003).	dMendes	et	al.	(2016).	eBernard	et	al.	(2015).	
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southeastern	 Australian	 coasts,	 Coral	 Sea,	 Hawaii,	 and	 Brazil.	
We	also	expanded	 the	number	of	 individuals	 for	 some	 locations	












Holmes	et	al.	 (2017)	only;	n	=	606),	 (c)	Holmes	8‐msat	dataset	 (the	
8	microsatellites	 in	common	for	all	studies	on	the	 individuals	from	
Holmes	et	al.	 (2017)	only;	n	=	355),	and	(4)	Bernard	8‐msat	dataset	
(the	8	microsatellites	 in	 common	 for	 all	 studies	 on	 the	 individuals	
from	Bernard	et	al.	(2016)	only;	n	=	380).
The	mitochondrial	DNA	control	region	(CR)	was	amplified	using	
the	 set	 of	 primers	 Gc‐CR‐F/Gc‐CR‐R	 (Pirog	 et	al.,	 2016),	 the	 cy‐
tochrome	 oxidase	 c	 subunit	 I	 (COI)	 using	 the	 primer	 cocktails	 C_
FishF1t1/C_FishR1t1	 (Ivanova,	 Zemlak,	 Hanner,	 &	 Hebert,	 2007;	
Ward	 &	 Myers,	 2005)	 as	 described	 in	 Wong,	 Shivji,	 and	 Hanner	
(2009)	and	the	cytochrome	b	(cytb)	using	GluDG/C61121H	(Naylor,	
Ryburn,	Fedrigo,	&	Lopez,	2005).	This	was	performed	for	subsets	of	
the	whole	dataset:	200	 individuals	for	CR,	147	 individuals	for	COI, 
and	130	for	cytb.	Primers	were	used	for	both	amplification	and	di‐








Moreover,	 to	 complement	 the	mitochondrial	 analyses,	CR	 se‐
quences	 generated	 by	 Bernard	 et	al.	 (2016)	 (GenBank	 accession	
numbers:	 KU847364–KU847386)	 were	 added	 to	 our	 dataset	
(named	 hereafter	 the	 CR	 dataset;	 n	=	538),	 adding	 samples	 from	
10	 locations	 for	 CR	 analyses	 (Figure	1;	 Table	1):	 Gulf	 of	 Mexico,	
Florida	East	Coast,	Bahamas,	US	Virgin	 Islands,	Brazil	 (referred	to	
as	 western	 South	 Atlantic	 therein),	 South	 Africa	 (western	 South	








in	arlequin	 v.3.5.1.2	 (Excoffier	 &	 Lischer,	 2010).	 Diversity	 indices	
such	as	the	number	of	alleles	per	locus	Na,	observed	and	expected	
heterozygosities	 (HO	 and	HE)	 and	 inbreeding	 coefficient	 FIS	 (Weir	
&	Cockerham,	 1984)	were	 assessed	 using	Fstat	 v.2.9.3.2	 (Goudet,	
1995).	 Departure	 from	 Hardy–Weinberg	 equilibrium	 (HWE)	 was	
tested	using	5,000	permutations	 in	Fstat	 v.2.9.3.2	 (Goudet,	1995).	
The	mean	 allelic	 richness	Ar	 and	 the	mean	 private	 allelic	 richness	
Arp	 were	 calculated	 using	 a	 rarefaction	 method,	 as	 implemented	
in	HP‐rare	 v.1.0	 (Kalinowski,	2005).	This	method	accounts	 for	dif‐
ferences	 in	 sample	 size	 by	 standardizing	Ar	 and	Arp	 values	 across	
sampled	 locations	by	 resampling	 the	 lowest	number	of	 genotypes	
available	(i.e.,	16	haploid	gene	copies	or	eight	diploid	genotypes	in	
Zanzibar)	in	each	location.
Mitochondrial	 sequences	 were	 quality	 checked	 and	 aligned	
using	Geneious	 v.8.1.2	 (Kearse	 et	al.,	 2012).	 Alignments	 were	 per‐
formed	using	the	MAFFT	method	(Katoh,	Misawa,	Kuma,	&	Miyata,	
2002),	first	for	each	gene	separately	and	then	for	the	concatenated	
sequence	CR‐COI‐cytb.	Molecular	 diversity	 indices	 (i.e.,	 number	of	




Detection	 of	 partitioning	 schemes	 and	 substitution	 models	
within	 the	 concatenated	 sequence	 CR‐COI‐cytb	 was	 performed	
using	partitionFinDer	v.2.1.1	(Guindon	et	al.,	2010;	Lanfear,	Frandsen,	
Wright,	 Senfeld,	 &	 Calcott,	 2017).	 Beast	 v.1.8.4	 (Drummond,	
Suchard,	Xie,	&	Rambaut,	2012)	was	used	to	reconstruct	phyloge‐
netic	relationships	on	the	CR	dataset,	and	on	the	CR‐COI‐cytb	data‐
set.	 Bayesian	 Markov	 chain	 Monte	 Carlo	 (MCMC)	 analyses	 were	
performed	 assuming	 a	HKY85	model	 of	 substitution	 as	 the	 latter	













et	al.,	 2012)	 and	 viewed	with	FiGtree	 v.1.4.0	 (http://tree.bio.ed.ac.
uk/software/figtree/).	 To	 further	 evaluate	 phylogenetic	 relations	
among	 haplotypes,	 TCS	 statistical	 parsimony	 networks	 (Clement,	
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analyses	were	performed	using	Structure	v.2.3.4	(Falush,	Stephens,	
&	 Pritchard,	 2003;	 Pritchard,	 Stephens,	 &	 Donnelly,	 2000).	 For	
any	given	number	of	clusters	(K)	between	1	and	10,	individual	as‐




tion	 in	 the	Bayesian	clustering,	 to	allow	detection	of	weaker	ge‐
netic	population	structure	(Hubisz,	Falush,	Stephens,	&	Pritchard,	
2009).	 Conditions	 were	 set	 to	 106	 chain	 length	 after	 a	 burn‐in	
of	 5	×	105	 and	 10	 chains	 were	 run	 for	 each	 K,	 assuming	 corre‐
lated	 allele	 frequencies	 and	 the	 admixture	 model.	 The	 analysis	
was	 also	 performed	 using	 the	 alternative	 ancestry	 prior	 as	 sug‐
gested	in	Wang	(2017),	but	it	did	not	alter	the	results.	For	a	given	














the	 Bayesian	 Information	 Criterion	 (BIC)	 values	 for	 increasing	K 
using	 the	 find.clusters()	 function.	We	then	used	the	dapc()	 func‐
tion	 for	values	of	K	 ranging	 from	1	 to	10,	 retaining	a	number	of	
principal	components	sufficient	to	explain	≥90%	of	total	variance	
of	 the	 data	 (Jombart	 et	al.,	 2010).	 This	 analysis	 was	 performed	
on	 the	 four	 microsatellite	 datasets	 (see	 Laboratory	 Procedures	
above).	Methods	traditionally	used	to	detect	the	most	likely	num‐
ber	 of	 clusters	 within	 a	 dataset	 (Pr(X/K),	 Pritchard	 et	al.	 2000;	
the	ΔK	method,	Evanno,	Regnaut,	&	Goudet,	2005;	the	Deviance	
Information	Criterion	 (DIC),	Gao,	Bryc,	&	Bustamante,	2011;	 the	
Bayesian	 Information	 Criterion	 (BIC),	 Jombart	 et	al.,	 2010;	 the	
Thermodynamics	 Integration	 (TI),	 Verity	 &	 Nichols,	 2016)	 may	






Assessing	 population	 differentiation	 between	 pairs	 of	 sam‐
pling	 locations,	 FST	 (Weir	 &	 Cockerham,	 1984)	 and	 Dest	 (Jost,	
2008)	 were	 estimated	 for	 the	 microsatellite	 data	 with	 arlequin 
v.3.5.1.2	(Excoffier	&	Lischer,	2010)	and	DEMEtics	v.0.8‐7	(Gerlach,	
Jueterbock,	 Kraemer,	 Deppermann,	 &	 Harmand,	 2010),	 respec‐
tively,	on	both	27msat	and	8msat	datasets.	Contrary	to	FST,	which	
depends	 on	 within‐population	 diversity	 and	 is	 affected	 by	 mi‐
gration	 rates	 and	 effective	 population	 sizes,	 Dest,	 based	 on	 the	
effective	 number	 of	 alleles	 strictly	 reflects	 the	 differentiation	
between	populations.	For	the	CR‐COI‐cytb	dataset	as	well	as	the	
CR	 dataset,	 the	 metric	 ΦST	 (Slatkin,	 1995)	 was	 estimated	 using	
arlequin	v.3.5.1.2	(Excoffier	&	Lischer,	2010).	Significance	of	pair‐
wise	 population	 differentiation	 indices	was	 tested	 using	 10,000	
permutations.
2.5 | Population demography
To	 test	 for	 departures	 from	 a	 constant	 population	 size	 (Ramos‐









27‐msat	 dataset	 and	 the	CR‐COI‐cytb	 dataset.	We	 defined	N0	 the	
actual	effective	population	size,	N1	the	ancestral	effective	popula‐
tion	size,	Nb	the	effective	population	size	during	a	bottleneck,	and	
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(less	than	500	generations)	expansion	(N0 > N1),	(Scenario	4)	a	more	
ancient	(between	103	and	5	×	105	generations	in	the	past)	expansion,	
(Scenario	5)	 an	 expansion	 followed	 by	 a	 decrease	 (Ne &gt; N0,N1),	
(Scenario	6)	a	bottleneck	(Nb <N0,N1),	and	(Scenario	7)	a	constant	ef‐
fective	population	size	(N0 = N1).	The	parameters	t1 (t1	<	500	genera‐
tions	i.e.,	≈5,000	years)	and	t2 (t2	>	500	generations)	were	chosen	to	
reflect	relatively	recent	events	that	may	be	linked	to	anthropogenic	
factors,	 or	more	 ancient	 events,	 such	 as	 glacial/interglacial	 transi‐
tions.	For	Scenarios	5	and	6,	 the	end	of	 the	expansion/bottleneck	
was	 set	 at	 five	 generations	 in	 the	 past,	 which	 approximately	 cor‐
responds	 to	 the	ban	on	commercial	exploitation	of	 the	 tiger	shark	
in	 Reunion	 Island	 (in	 1999).	 Generation	 time	was	 supposed	 to	 be	
around	 7–10	years	 (Branstetter,	 Musick,	 &	 Colvocoresses,	 1987;	
Holmes	 et	al.,	 2015;	 Kneebone,	 Natanson,	 Andrews,	 &	 Howell,	
2008;	Wintner	&	Dudley,	2000).
To	 run	 this	 analysis,	 we	 considered	 all	 the	 individuals	 from	





2014).	Nevertheless,	 the	 analysis	was	 also	 run	using	only	 samples	
from	New	Caledonia	(n	=	23),	to	consolidate	the	results.




linear	 discrimination	 analysis	 prior	 to	 logistic	 regression	 to	 reduce	
correlation	 among	explanatory	 variables	 and	provide	 conservative	
estimates	of	scenario	discrimination	(Estoup	et	al.,	2012).	Posterior	
distributions	 of	 all	 parameters	 were	 then	 estimated	 from	 the	 se‐
lected	model,	based	on	the	1%	of	simulated	datasets	closest	to	the	





Null	alleles	were	detected	for	several	 loci	 in	several	sampling	 loca‐






ing	from	2.86	±	0.30	 in	AUS1	 (Western	Australia)	 to	3.05	±	0.28	 in	
New	Caledonia	while	HE	varied	from	0.52	±	0.06	 in	Reunion	 Island	
N Ar Arp HO HE FIS
27 loci
ZAN 8 3.01	(0.33) 0.14	(0.05) 0.60	(0.06) 0.60	(0.05) 0.01
SEY 24 2.96	(0.31) 0.14	(0.04) 0.57	(0.05) 0.57	(0.05) 0.01
RUN 167 3.02	(0.28) 0.19	(0.04) 0.50	(0.05) 0.52	(0.06) 0.05
SAF 34 3.02	(0.30) 0.16	(0.04) 0.49	(0.05) 0.55	(0.05) 0.12
AUS1 9 2.86	(0.30) 0.11	(0.04) 0.55	(0.05) 0.58	(0.05) 0.05
AUS2 10 2.99	(0.30) 0.18	(0.06) 0.53	(0.05) 0.59	(0.05) 0.1
NCA 23 3.05	(0.28) 0.18	(0.03) 0.53	(0.06) 0.58	(0.05) 0.09
8 loci
ZAN 8 5.75	(1.10) 0.25	(0.15) 0.61	(0.12) 0.67	(0.11) 0.08
SEY 24 5.66	(1.13) 0.17	(0.12) 0.65	(0.06) 0.69	(0.05) 0.06
SAF 34 5.43	(1.02) 0.11	(0.06) 0.59	(0.04) 0.66	(0.04) 0.07
RUN 167 5.79	(1.04) 0.11	(0.04) 0.65	(0.02) 0.69	(0.02) 0.04
AUS1 56 5.76	(1.02) 0.11	(0.04) 0.68	(0.03) 0.70	(0.03) 0.01
AUS4 62 5.81	(1.06) 0.18	(0.08) 0.71	(0.03) 0.70	(0.03) −0.04
COR 37 5.89	(1.11) 0.08	(0.05) 0.64	(0.04) 0.68	(0.04) 0.04
AUS2 74 5.80	(1.03) 0.08	(0.03) 0.68	(0.03) 0.70	(0.03) 0.01
AUS3 81 5.80	(1.08) 0.10	(0.07) 0.70	(0.03) 0.69	(0.03) −0.03
NCA 34 5.53	(0.97) 0.07	(0.04) 0.62	(0.04) 0.67	(0.04) 0.06
HAW 21 5.85	(1.12) 0.10	(0.07) 0.67	(0.06) 0.68	(0.06) 0.01
BRA 8 4.63	(0.73) 0.49	(0.17) 0.73	(0.07) 0.72	(0.07) −0.16
Populations	are	ordered	along	a	west	to	east	and	north	to	south	gradient	beginning	at	locations	from	
the	eastern	African	coast.
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to	0.60	±	0.05	in	Zanzibar	and	HO	from	0.49	±	0.05	in	South	Africa	
to	 0.60	±	0.06	 in	 Zanzibar	 (Table	2).	 No	 significant	 deviation	 from	










lelic	 richness	was	 rather	constant	among	 locations	but	was	higher	
for	Brazil,	varying	from	0.07	±	0.04	in	New	Caledonia	to	0.49	±	0.17	
in	Brazil	(Table	2).





lotypes	 with	 7,	 3,	 and	 12	 polymorphic	 sites,	 respectively.	 Total	
haplotype	diversity	 (h)	was	 lower	for	COI	 (0.09	±	00)	 than	for	cytb 
(0.47	±	0.00)	and	CR	(0.48	±	0.00).	Similar	results	were	observed	for	
the	 total	nucleotide	diversity	 (π),	 varying	 from	0.00014	±	0.00000	
for	COI	to	0.00063	±	0.00001	and	0.00068	±	0.00000	for	cytb	and	
CR,	 respectively.	 Overall,	 variations	 of	 haplotype	 and	 nucleotide	
diversities	 were	 not	 constant	 across	 locations	 and	 across	 genes,	
with	 lowest	 values	 estimated	 for	 Reunion	 Island	 (h = 0.34 ± 0.01 
and	 π	=	0.00047	±	0.00005)	 and	 Zanzibar	 (h	=	0.00	±	0.00	 and	
π	=	0.00000	±	0.00000)	 and	 highest	 values	 for	 AUS1	 (Western	
Australia;	 h	=	0.78	±	0.44	 and	 π	=	0.00115	±	0.00032)	 for	 CR	 and	
TA B L E  3  Summary	statistics	for	each	sampling	location	of	Galeocerdo cuvier	for	(a)	the	2,452	bp	CR‐COI‐cytb	dataset	and	(b)	the	CR 
dataset:	NS,	number	of	individuals	sequenced	in	this	study;	NBernard,	number	of	individuals	sequenced	in	Bernard	et	al.	(2016);	NS+Bernard,	total	
number	of	individuals	sequenced;	H,	number	of	haplotypes,	h,	haplotype	diversity;	S,	number	of	polymorphic	sites;	π,	nucleotide	diversity
(a) CR_COI_cytb NS H S h π
ZAN 8 2 1 0.43	(0.06) 0.00018	(0.00007)
SEY 20 8 8 0.76	(0.02) 0.00053	(0.00009)
SAF 23 6 5 0.62	(0.02) 0.00035	(0.00006)
RUN 39 9 8 0.77	(0.01) 0.00049	(0.00006)
AUS1 9 5 4 0.86	(0.03) 0.00050	(0.00013)
AUS2 10 4 3 0.78	(0.03) 0.00042	(0.00011)
NCA 18 8 9 0.82	(0.02) 0.00062	(0.00010)
Total 127 22 22 0.78	(0.00) 0.00053	(0.00000)
(b) CR NBernard NS NS+Bernard H S h π
ZAN – 8 8 2 1 0.43	(0.06) 0.00049	(0.00020)
SEY – 20 20 4 3 0.57	(0.02) 0.00081	(0.00016)
SAF 56 24 80 4 3 0.39	(0.01) 0.00048	(0.00005)
RUN – 103 103 6 5 0.34	(0.01) 0.00047	(0.00005)
AS 31 – 31 5 4 0.52	(0.02) 0.00084	(0.00013)
AUS1 49 9 58 9 6 0.78	(0.00) 0.00138	(0.00013)
AUS2 – 10 10 3 2 0.69	(0.03) 0.00095	(0.00026)
AUS3 19 – 19 4 3 0.68	(0.02) 0.00101	(0.00019)
NCA – 25 25 3 2 0.56	(0.01) 0.00069	(0.00013)
HAW 48 – 48 2 1 0.48	(0.01) 0.00055	(0.00008)
GOM 26 – 26 2 1 0.21	(0.02) 0.00024	(0.00007)
FLE 35 – 35 4 7 0.49	(0.01) 0.00091	(0.00013)
BAH 33 – 33 5 7 0.60	(0.01) 0.00106	(0.00015)
USVI 22 – 22 7 9 0.80	(0.01) 0.00196	(0.00028)
BRA 20 – 20 9 11 0.87	(0.01) 0.00317	(0.00044)
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New	 Caledonia	 (h	=	0.61	±	0.03	 and	 π	=	0.00099	±	0.00018)	 for	
cytb.	 For	COI,	 nearly	 all	 locations	 showed	 null	 haplotype	 and	 nu‐
cleotide	 diversities,	 except	 for	 South	 Africa	 (h	=	0.07	±	0.01	 and	
π	=	0.00010	±	0.00004),	 New	 Caledonia	 (h	=	0.09	±	0.02	 and	
π	=	0.00013	±	0.00006),	 and	 Reunion	 Island	 (h	=	0.21	±	0.01	 and	
π	=	0.00032	±	0.00007;	Appendix	S4).
The CR‐COI‐cytb	 dataset	 (2,452	bp;	 NS	=	127)	 resolved	
22	 haplotypes	 and	 22	 polymorphic	 sites,	 with	 an	 overall	 hap‐
lotype	 diversity	 of	 0.78	±	0.00	 and	 a	 nucleotide	 diversity	 of	
0.00053	±	0.00000	 (Table	3a).	 No	 partitioning	 schemes	 were	
detected	 within	 the	 CR‐COI‐cytb	 sequence,	 and	 the	 HKY85	
model	 of	 substitution	 was	 selected.	 Bayesian	 analysis	 on	 the	
CR‐COI‐cytb	dataset	showed	good	convergence	and	mixing,	with	
ESS	 above	 200	 (Appendix	 S5).	Nevertheless,	 no	 lineages	were	
strongly	 supported	 as	 no	 internal	 nodes	 showed	high	 support.	
This	 was	 retrieved	 on	 the	 TCS	 statistical	 parsimony	 network	
built	 from	 the	 CR‐COI‐cytb	 dataset,	 with	 all	 haplotypes	 sepa‐
rated	 by	 only	 one	 or	 two	 mutations,	 and	 no	 clear	 geographic	
structuring	 (Figure	3a;	 Appendix	 S6).	 Three	 main	 haplotypes	
were	 identified,	 represented	by	50,	 25,	 and	9	 individuals	 from	
distinct	locations.
3.1.4 | Mitochondrial diversity on the CR dataset
Within	 the	 CR	 dataset,	 we	 analyzed	 538	 CR	 sequences	 and	 re‐
solved	 25	 haplotypes	 and	 16	 polymorphic	 sites,	 with	 an	 overall	
haplotype	diversity	h	of	0.74	±	0.00	and	a	nucleotide	diversity	π	of	
0.00280	±	0.00000	 (Table	3b).	We	 retrieved	 only	 two	 new	 haplo‐
types	compared	to	 the	study	of	Bernard	et	al.	 (2016),	 represented	
by	 three	 individuals	 (from	 the	western	 Indian	Ocean).	 From	 loca‐
tions	 in	common	in	both	studies,	South	Africa	and	AUS1	(Western	
Australia),	h	and	π	for	the	CR	did	not	vary	when	adding	individuals	
from	 Bernard	 et	al.	 (2016)	 (Table	3b;	 Appendix	 S4).	 As	 shown	 by	





Performing	 Bayesian	 clustering	 analyses	 without	 the	 LOCPRIOR	
model,	no	distinct	genetic	clusters	were	retrieved	in	either	the	27‐
msat	or	the	8‐msat	datasets	(Figure	4a,	c).
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Using	the	LOCPRIOR	model	on	these	both	microsatellite	data‐
sets,	a	single	mode	regrouping	the	five	runs	was	retrieved	for	each	
K.	For	 the	8‐msat	dataset,	 the	highest	averaged	 log	 likelihood	of	
observing	 the	 data	 (‐15,986.26	±	11.59)	 was	 retrieved	 for	 K = 3. 
Individuals	 from	 the	western	 Indian	Ocean	 (ZAN,	 SEY,	 SAF,	 and	






likelihood	of	 observing	 the	 data	 (‐16,235.32	±	66.01),	 from	K = 2 
each	new	cluster	was	mostly	uninformative,	with	individual	mem‐
bership	 proportions	 in	 new	 clusters	 extremely	 low	 (respectively,	
3.43%	±	0.82%,	 4.13%	±	0.74%,	 and	 2.00%	±	0.45%	 for	 K	=	2,	
K	=	3,	and	K	=	4).





total	 inertia	 (Figure	5a)	 and	 no	 clear	 groups	 were	 identified.	 For	
the	8‐msat	dataset,	when	assigning	individuals	to	five	clusters	(i.e.,	




cluster	 into	 three	groups,	not	 related	 to	 their	 geographical	origins	






























































with	 the	 8‐msat	 and	 Holmes	 8‐msat	 datasets	 were	 not	 observed	
with	the	Bernard	8‐msat	dataset	for	any	K.
In	 conclusion,	 for	 both	 27‐msat	 and	 8‐msat	 datasets,	 neither	
the	structure	analysis	without	the	LOCPRIOR	model	nor	the	DAPC	
highlighted	clear	genetic	clusters,	even	among	locations	within	the	





pattern	 clearly	 exists,	 should	 have	 attributed	 individuals	 into	 two	
different	genetic	clusters.	Thus,	as	no	clear	geographic	structuring	
was	 retrieved	 using	 these	 two	microsatellite	 datasets,	we	 did	 not	
perform	analyses	of	molecular	variances,	and	instead	directly	calcu‐
lated	pairwise	differentiation	estimates.
Concerning	 the	 27‐msat	 dataset,	 no	 pairwise	 FST	 values	 were	
found	 to	 be	 significantly	 different	 from	 0	 (FST	=	[0.000,	0.012],	 all	
p	>	0.05	 after	 FDR	 correction;	 Table	4a).	 Nevertheless,	 weak	 but	








12  |     PIROG et al.
significant	 Dest	 values	 were	 retrieved	 between	 New	 Caledonia	
and	all	other	 locations	 (Dest	=	[0.030,	0.052],	all	p	<	0.05	after	FDR	
correction),	 except	 Zanzibar	 (Dest	=	0.026
NS).	 AUS2	 (Queensland,	
Australia)	was	also	significantly	different	from	the	Seychelles,	South	
Africa	 and	 Reunion	 Island	 (Dest	=	[0.034,	0.044],	 all	 p	<	0.05	 after	
FDR	correction)	and	a	 low	but	significant	value	was	also	retrieved	
between	 Reunion	 Island	 and	 South	 Africa	 (Dest	=	0.014,	 p	<	0.05	
after	FDR	correction;	Table	4a).
Considering	 the	 8‐msat	 dataset,	 significant	 pairwise	 FST	 val‐
ues	 were	 only	 found	 between:	 Brazil	 and	 all	 other	 locations	
(FST	=	[0.030,	0.056],	 all	 p	<	0.05	 after	 FDR	 correction;	 Table	4b),	
except	 Zanzibar	 (FST = 0.039
NS);	 and	 between	 South	 Africa	 and	
Reunion	Island,	AUS1	(West	Australia),	AUS4	(North	Australia)	and	
AUS3	 (East	 Australia)	 (FST	=	[0.009,	0.011],	 all	 p	<	0.05	 after	 FDR	
correction).	 Significant	 Dest	 values	 were	 also	 retrieved	 between:	
Brazil	and	all	other	locations	(Dest	=	[0.323,	0.406],	all	p	<	0.01	after	





Pairwise	 ΦST	 values	 for	 the	 CR‐COI‐cytb	 dataset	 were	 highly	
significant	 between:	 Reunion	 Island	 and	 AUS1	 (West	 Australia);	
between	AUS2	 (East	Australia)	 and	New	Caledonia;	 as	well	 as	be‐
tween	South	Africa	and	AUS1	(West	Australia),	AUS2	(East	Australia),	
and	 New	 Caledonia	 (ΦST	=	[0.165,	0.387],	 all	 p	<	0.001	 after	 FDR	






the	 Indian	 and	 Pacific	 Oceans	 (ΦST	=	[0.697,	0.954],	 all	 p	<	0.001	
after	 FDR	 correction;	 Table	5),	 and	 also	 between	 Brazil	 and	 loca‐
tions	 from	 the	 Indian	 and	 Pacific	Oceans	 (ΦST	=	[0.485,	0.793],	 all	
p	<	0.001	 after	 FDR	 correction).	 Within	 the	 Indo‐Pacific	 and	 the	




Considering	 the	CR‐COI‐cytb	 dataset	 and	all	 locations	 separately,	
no	 evidence	 of	 historical	 population	 expansions	 or	 contractions	
was	 found	 when	 estimating	 Tajima's	 D	 (all	 p	>	0.05;	 Appendix	
S9).	 Nevertheless,	 pooling	 all	 locations,	 a	 significantly	 negative	
TA B L E  4  Genetic	differentiation	between	Galeocerdo cuvier	sampling	locations	estimated	with	Weir	and	Cockerham's	FST	(lower‐left	
matrix)	and	Jost's	Dest.	(upper‐right	matrix)	for	(a)	the	27‐msat	dataset,	and	(b)	the	8‐msat	dataset
(a) ZAN SEY SAF RUN AUS1 AUS2 NCA
ZAN	(8) – 0.000 0.000 0.000 0.000 0.019 0.026
SEY	(24) 0.001 – 0.007 0.003 0.005 0.044* 0.047**
SAF	(34) 0.000 0.002 – 0.014* 0.028 0.038* 0.052**
RUN	(167) 0.000 0.000 0.006 – 0.014 0.034* 0.034**
AUS1	(9) 0.000 0.008 0.012 0.012 – 0.022 0.030*
AUS2	(10) 0.000 0.004 0.000 0.000 0.000 – 0.040*
NCA	(23) 0.000 0.008 0.008 0.001 0.004 0.000 –
(b) ZAN SEY SAF RUN AUS1 AUS4 COR AUS2 AUS3 NCA HAW BRA
ZAN	(8) – 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.331**
SEY	(24) 0.002 – 0.035 0.004 0.000 0.014 0.003 0.003 0.027 0.025 0.000 0.376**
SAF	(34) 0.008 0.007 – 0.032* 0.056** 0.032 0.036 0.025 0.039* 0.033 0.033 0.342**
RUN	(167) 0.000 0.003 0.010* – 0.019* 0.017* 0.006 0.006 0.018** 0.017 0.005 0.377**
AUS1	(56) 0.002 0.000 0.011* 0.004 – 0.010 0.000 0.021 0.021* 0.019 0.000 0.366**
AUS4	(62) 0.000 0.007 0.009* 0.003 0.001 – 0 0.000 0.000 0.011 0.002 0.355**
COR	(37) 0.001 0.007 0.011 0.000 0.000 0.001 – 0.000 0.000 0.008 0.019 0.406**
AUS2	(74) 0.000 0.004 0.008 0.000 0.003 0.000 0.000 – 0.000 0.013 0.017 0.355**
AUS3	(81) 0.000 0.007 0.009* 0.002 0.003 0.000 0.000 0.000 – 0.018 0.000 0.365**
NCA	(34) 0.003 0.007 0.008 0.002 0.002 0.004 0.001 0.004 0.003 – 0.002 0.367**
HAW	(21) 0.000 0.004 0.006 0.001 0.000 0.000 0.001 0.001 0.000 0.000 – 0.323**
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D	 value	was	 found	 (D	=	−1.83,	p	<	0.01),	 suggesting	 a	 population	
expansion.	 Furthermore,	 all	 Fu's	 FS	 estimates	 were	 significantly	
negative,	 either	 considering	 all	 locations	 separately	 (except	 for	
Zanzibar	 and	 Western	 Australia	 AUS2)	 or	 pooling	 all	 locations	
(FS	=	[−18.12,	−1.99];	all	p	<	0.05;	Appendix	S9),	also	indicative	of	a	
population	expansion.
Concerning	 the	ABC	analyses	 (Appendix	S10),	observed	 sum‐
mary	statistics	for	all	scenarios	fell	within	the	distribution	of	sim‐









timated	 parameter	 values	 using	 data	 simulated	 under	 Scenario	 6	
(Table	5).	The	population	size	decrease	during	the	bottleneck	event	
(Nb)	 was	 equal	 to	 111	 (95%	 confidence	 interval	 [CI]	=	[43,	369]	
and	root	mean	square	error	 [RMSE]	=	0.958),	 the	ancestral	effec‐
tive	population	 sizes	 (N1)	 equal	 to	5,150	 (95%	CI	=	[1,120,	9,710],	
RMSE	=	1.049)	 and	 the	 time	 at	 which	 the	 bottleneck	 began	 (t)	
estimated	 to	319	 (95%	CI	=	[65,	913])	 generations,	 corresponding	







Ideally,	 every	 population	 genetic	 study	 needs	 the	 greatest	 sam‐
pling	 coverage	 and	 the	 greatest	 number	 of	 microsatellite	 loci	
(Koskinen,	Hirvonen,	Landry,	&	Primmer,	2004;	Meirmans,	2015).	
Nevertheless,	 achieving	 an	 extensive	 sampling	 is	 difficult,	 espe‐
cially	 for	 elusive	 species,	 while	 elaborating	 numerous	molecular	





sample	 sizes	 and	 number	 of	 markers	 to	 improve	 the	 power	 of	
analyses	 of	 tiger	 shark	 population	 structure.	 Comparing	 results	
from	 the	datasets,	 they	were	not	 always	 congruent:	 the	dataset	
with	 the	 greatest	 number	 of	 samples	 but	 the	 lowest	 number	 of	
molecular	markers	 highlighted	 potential	 differentiation	 between	
the	western	 Indian	Ocean	and	the	eastern	 Indian	Ocean/Pacific,	
which	was	not	 identified	with	 the	dataset	with	 larger	number	of	










ing	 the	picture	of	 tiger	 shark	population	 structure.	The	 results	 con‐
firmed	here	the	genetic	differentiation	between	the	populations	from	
the	 Indo‐Pacific	 and	 the	 western	 Atlantic,	 with	 both	 microsatellite	
and	mitochondrial	markers,	while	 an	 important	 genetic	 connectivity	
was	detected	within	and	between	the	Indian	and	the	Pacific	Oceans.	
Furthermore,	we	investigated	for	the	first	time	variations	in	effective	
population	 size	 at	 the	 scale	 of	 the	 Indo‐Pacific	 and	 highlighted	 the	
probable	occurrence	of	a	bottleneck	2,000‐3,000	years	ago.
4.1 | Connectivity between the western 














Parameter Median 2.5% quantile 97.5% quantile RMSE
Nb 111 43 369 0.958
t 319 65 913 1.347
N0 5760 639 9,820 2.839
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between	 the	 Indo‐Pacific	 and	 the	 northwestern	 Atlantic,	 and	 only	
one	was	shared	between	the	Indo‐Pacific	and	Brazil,	suggesting	a	real	
differentiation.





ing	 individuals	 from	the	western	 Indian	Ocean	 (i.e.,	ZAN,	SEY,	SAF,	
and	 RUN)	 and	 the	 other,	 locations	 from	 the	 eastern	 Indian	 Ocean	
(Australia)	and	from	the	Pacific	(i.e.,	AUS1,	AUS2,	AUS3,	AUS4,	COR,	
NCA,	and	HAW).	However,	structure	without	the	LOCPRIOR	model	
and	 DAPC	 did	 not	 partition	 the	 individuals	 into	 distinct	 clusters.	
Considering	 the	 27‐msat	 dataset,	 none	 of	 the	 analyses	 performed	
identified	 distinct	 clusters	 within	 the	 Indo‐Pacific.	 Increasing	 the	
number	of	markers	has	improved	the	resolution,	highlighting	the	need	

























one	of	Bernard	et	al.	 (2016),	 using	either	only	 the	CR	 sequence	or	
the	 CR‐COI‐cytb	 sequence,	 showed	 shared	 haplotypes	 among	 all	








were	 significantly	 different	 from	 individuals	 from	 the	 Seychelles,	
Australia,	 and	 New	 Caledonia.	 No	 significant	 estimates	 were	 cal‐





Thus,	 altogether,	 weak	 genetic	 differentiation	 was	 highlighted	
between	locations	in	the	Indo‐Pacific,	both	with	microsatellite	and	
mitochondrial	markers.	Tiger	sharks	are	known	to	cross	 large	oce‐
anic	 expanses	 (Ferreira	 et	al.,	 2015;	 Hammerschlag	 et	al.,	 2012;	
Holmes	et	al.,	2014;	Werry	et	al.,	2014),	with	records	of	transoceanic	
migrations	in	both	the	Indian	(Heithaus	et	al.,	2007)	and	the	Atlantic	




4.3 | To be or not to be philopatric?
While	 the	 evidence	 remains	 scant,	 it	 is	 plausible	 that	 significant	
mitochondrial	differentiation	occurs.	From	their	mitochondrial	dif‐
ferentiation	 estimates,	 Bernard	 et	al.	 (2016)	 inferred	 matrilineal	
population	structure	within	the	Indo‐Pacific,	which	they	linked	to	
potential	female	site	fidelity	(i.e.,	philopatry)	to	reproductive	areas,	
probably	 pupping	 sites.	 Female	 philopatry	 to	 nurseries	 has	 been	
hypothesized	 in	 many	 shark	 species,	 notably	 from	 discordances	
between	mitochondrial	and	nuclear	differentiation	estimates	(Karl,	












multiple	 paternity	 (polyandry)	 has	 not	 been	 identified,	 although	






nurseries.	 All	 considered	 further	 studies,	 notably	 identification	
16  |     PIROG et al.
of	nurseries	 and	genotyping	of	 females	 and	 juveniles	 for	 several	
years,	as	well	as	satellite	tracking	are	needed	to	fully	resolve	the	
occurrence	or	absence	of	female	tiger	shark	fidelity	to	nurseries.




shark	Carcharhinus leucas	 (Pirog,	 Jaquemet,	 et	 al.,	 2019),	 the	 great	
white	 shark	 Carcharodon carcharias	 (Pardini	 et	al.,	 2001),	 the	 blue	
shark	Prionace glauca	(Veríssimo	et	al.,	2017),	the	blacktip	reef	shark	













mitochondrial	 information	 also	 provided	 evidence	 for	 the	 occur‐
rence	of	a	recent	bottleneck	experienced	by	the	 Indo‐Pacific	 tiger	
shark	 population,	 2,000–3,000	years	 ago	 (during	 the	 Holocene).	
Approximate	 Bayesian	 computation	 has	 been	 proven	 to	 be	 one	
of	 the	 most	 accurate	 methods	 to	 detect	 recent	 demographic	
changes,	as	evidenced	by	 the	study	of	a	 large	marine	mammal	 for	
which	historic	 fisheries	 data	were	 available,	 the	Antarctic	 fur	 seal	
Arctocephalus gazella	 (Hoffman,	 Grant,	 Forcada,	 &	 Phillips,	 2011).	
Estimates	of	effective	population	sizes	for	the	tiger	shark	remained	
difficult	to	infer,	but	the	ancestral	size	of	this	population	was	around	
5,000	 individuals	 (95%	 CI	=	[1,120,	9,710])	 and	 the	 bottleneck	 re‐
sulted	in	an	effective	population	size	as	low	as	111	individuals	(95%	
CI	=	[43,	369]).	 This	 bottleneck	 may	 well	 be	 responsible	 for	 the	
low	 genetic	 diversity	 presented	 by	 the	 species.	 Decreases	 in	 ef‐
fective	population	size	within	the	Holocene	have	also	been	identi‐
fied	 for	 several	 large	marine	 species,	 notably	 sea	 turtles	 (Molfetti	
et	al.,	 2013),	whales	 (Baker	&	Clapham,	 2004),	 and	 elephant	 seals	
(de	Bruyn	et	al.,	2009),	and	also	for	terrestrial	megafauna	(Brook	&	
Bowman,	2002).	Notably,	 a	 similar	 signal	 to	 the	one	we	 identified	




cult	 to	 identify.	This	period	 is	 characterized	by	a	general	warming	






























fective	population	 size	 estimated	during	 the	bottleneck	 (Nb	=	111)	
is	 lower	 than	 the	minimal	estimate	of	500	 thought	 to	be	 required	














further	 analyses	 are	 needed	 to	 confirm	 whether	 differentiation	
reflects	 female	philopatry	 to	 specific	 nurseries.	 Individuals	 from	
the	 Indo‐Pacific	 form	 a	 discrete	 population.	 Management	 and	
conservation	programmes	thus	need	to	be	designed	at	such	scales	
in	order	 to	maximize	potential	 efficacy.	Meanwhile,	 localized	 in‐
tensive	 fishing	 may	 yet	 stand	 to	 impact	 the	 whole	 population.	
Furthermore,	 the	detection	of	 low	genetic	 diversity	 as	well	 as	 a	
recent	 bottleneck	 (in	 the	 Holocene),	 during	 which	 the	 effective	










We	acknowledge	 the	Plateforme	Gentyane	of	 the	 Institut	National	
de	la	Recherche	Agronomique	(INRA,	Clermont‐Ferrand,	France)	for	
guidance	and	technical	support.	AP	was	supported	by	a	doctoral	fel‐




project	 supported	 by	 the	 Western	 Indian	 Ocean	 Marine	 Science	
Association	(WIOMSA)	(Grant	Number	MASMA/CP/2014/01).





contributed	 to	 the	writing	of	 the	manuscript.HM	and	SJ	designed	
research.
DATA ACCE SSIBILIT Y
Microsatellite	 genotypes:	 Dryad	 https://doi.org/10.5061/
dryad.3161qp0
Mitochondrial	 sequences:	 GenBank	 Accession	 Numbers:	
MK359166‐MK359171	and	MK582583‐MK582596.
ORCID
Agathe Pirog  https://orcid.org/0000‐0001‐7994‐1134 
Hélène Magalon  https://orcid.org/0000‐0002‐7061‐955X 
R E FE R E N C E S






from	the	South	Atlantic.	Journal of Experimental Marine Biology and 
Ecology,	454,	55–62.	https://doi.org/10.1016/j.jembe.2014.02.008
Aronson,	 R.	 B.,	 &	 Precht,	 W.	 F.	 (2001).	 White‐band	 disease	 and	 the	
changing	 face	 of	 Caribbean	 coral	 reefs.	 In	 J.	 W.	 Porter	 (Ed.),	 The 
ecology and etiology of newly emerging marine diseases	 (pp.	 25–38).	
Dordrecht,	 the	 Netherlands:	 Springer	 Netherlands.	 https://doi.
org/10.1007/978‐94‐017‐3284‐0_2
Baker,	C.	S.,	&	Clapham,	P.	 J.	 (2004).	Modelling	 the	past	and	 future	of	
whales	 and	whaling.	Trends in Ecology & Evolution,	19(7),	 365–371.	
https://doi.org/10.1016/j.tree.2004.05.005
Baum,	J.	K.,	Myers,	R.	A.,	Kehler,	D.	G.,	Worm,	B.,	Harley,	S.	J.,	&	Doherty,	
P.	 A.	 (2003).	 Collapse	 and	 conservation	 of	 shark	 populations	 in	






Bernard,	 A.	 M.,	 Feldheim,	 K.	 A.,	 &	 Shivji,	 M.	 S.	 (2015).	 Isolation	 and	
characterization	of	polymorphic	microsatellite	markers	from	a	glob‐
ally	 distributed	 marine	 apex	 predator,	 the	 tiger	 shark	 (Galeocerdo 







megafaunal	 extinctions:	 Models,	 chronologies,	 and	 assumptions.	









cascade?	 Journal of Animal Ecology,	 82(6),	 1192–1202.	 https://doi.
org/10.1111/1365‐2656.12097
Campana,	S.	E.,	&	Ferretti,	F.	 (2016).	Sharks	and	other	elasmobranchs.	
In	 U.	 Nations	 (Ed.),	 The first global integrated marine assessment: 
World Ocean Assessment I	(pp.	781–788).	Cambridge,	UK:	Cambridge	
University	Press.	https://doi.org/10.1017/9781108186148.050
Chabot,	C.	L.	(2015).	Microsatellite	loci	confirm	a	lack	of	population	con‐
nectivity	among	globally	distributed	populations	of	 the	 tope	 shark	
Galeorhinus galeus	(Triakidae).	Journal of Fish Biology,	87(2),	371–385.	
https://doi.org/10.1111/jfb.12727
Chabot,	C.	L.,	&	Allen,	L.	G.	 (2009).	Global	population	structure	of	the	




M.	 S.	 (2004).	 Predominance	 of	 genetic	 monogamy	 by	 females	
in	 a	 hammerhead	 shark,	 Sphyrna tiburo:	 Implications	 for	 shark	
conservation.	 Molecular Ecology,	 13(7),	 1965–1974.	 https://doi.
org/10.1111/j.1365‐294x.2004.02178.x
Clarke,	 S.	 C.,	 McAllister,	 M.	 K.,	 Milner‐Gulland,	 E.	 J.,	 Kirkwood,	 G.	
P.,	 Michielsens,	 C.	 G.	 J.,	 Agnew,	 D.	 J.,	 …	 Shivji,	 M.	 S.	 (2006).	
Global	 estimates	 of	 shark	 catches	 using	 trade	 records	 from	 com‐





Cliff,	 G.,	 &	Dudley,	 S.	 F.	 J.	 (1991).	 Sharks	 caught	 in	 the	 protective	 gill	
nets	 off	Natal,	 South	Africa.	 4.	 The	 bull	 shark	Carcharhinus leucas 
18  |     PIROG et al.
Valenciennes.	South African Journal of Marine Science,	10(1),	253–270.	
https://doi.org/10.2989/02577619109504636
Compagno,	 L.	 J.	 V.	 (1984).	 FAO	 species	 catalogue:	 Vol	 4.	 Sharks	 of	
the	 world:	 An	 annotated	 and	 illustrated	 catalogue	 of	 shark	 spe‐
cies	 known	 to	 date.	 Part	 2	 ‐	 Carcharhiniformes.	 In:	 FAO	Fisheries	
Synopsis.	Rome,	Italy:	FAO.
Compagno,	L.	J.	V.	(1990).	Alternative	life‐history	styles	of	cartilaginous	
fishes	in	time	and	space.	Environmental Biology of Fishes,	28,	33–75.	
https://doi.org/10.1007/978‐94‐009‐2065‐1_3
Conrath,	 C.	 L.,	 Musick,	 J.	 A.,	 Carrier,	 J.	 C.,	 &	 Heithaus,	M.	 R.	 (2012).	
Reproductive	biology	of	elasmobranchs	(2nd	ed).	 In	J.	C.	Carrier,	J.	
A.	Musick,	&	M.	R.	Heithaus	(Eds.),	Biology of sharks and their relatives 
(pp.	291–311).	Boca	Raton,	FL:	CRC	Press,	Taylor	&	Francis	Group.
Cooke,	R.	 (1992).	Prehistoric	nearshore	and	 littoral	 fishing	 in	 the	east‐
ern	 Tropical	 Pacific:	 An	 ichthyological	 evaluation.	 Journal of World 
Prehistory,	6(1),	1–49.	https://doi.org/10.1007/bf00997584
Cornuet,	 J.‐M.,	 Pudlo,	 P.,	 Veyssier,	 J.,	 Dehne‐Garcia,	 A.,	 Gautier,	 M.,	
Leblois,	R.,	…	Estoup,	A.	 (2014).	DIYABC	v2.0:	A	software	to	make	
approximate	 Bayesian	 computation	 inferences	 about	 population	
history	 using	 single	 nucleotide	 polymorphism,	DNA	 sequence	 and	





tation.	 Bioinformatics,	 24(23),	 2713–2719.	 https://doi.org/10.1093/
bioinformatics/btn514
Cortés,	 E.	 (2002).	 Incorporating	 uncertainty	 into	 demographic	
modeling:	 Application	 to	 shark	 populations	 and	 their	 conser‐





at‐sea	observer	data	Journal of Fish Biology,	88(3),	1223–8.	https://
doi.org/10.1111/jfb.12887
Drummond,	A.	J.,	Suchard,	M.	A.,	Xie,	D.,	&	Rambaut,	A.	(2012).	Bayesian	
phylogenetics	 with	 BEAUti	 and	 the	 BEAST	 1.7.	 Molecular Biology 
and Evolution,	 29(8),	 1969–1973.	 https://doi.org/10.1093/molbev/
mss075
Dudley,	S.	F.	 J.	 (1997).	A	comparison	of	 the	 shark	control	programs	of	
New	 South	Wales	 and	 Queensland	 (Australia)	 and	 KwaZulu‐Natal	
(South	Africa).	Ocean & Coastal Management,	34(1),	1–27.	https://doi.
org/10.1016/S0964‐5691(96)00061‐0
Dudley,	S.	F.	J.,	&	Simpfendorfer,	C.	A.	 (2006).	Population	status	of	14	
shark	 species	 caught	 in	 the	 protective	 gillnets	 off	 KwaZulu‐Natal	









inant	 analysis	 on	 summary	 statistics.	 Molecular Ecology Resources,	
12(5),	846–855.	https://doi.org/10.1111/j.1755‐0998.2012.03153.x
Evanno,	 G.,	 Regnaut,	 S.,	 &	 Goudet,	 J.	 (2005).	 Detecting	 the	 num‐
ber	 of	 clusters	 of	 individuals	 using	 the	 software	 Structure:	A	 sim‐
ulation	 study.	 Molecular Ecology,	 14(8),	 2611–2620.	 https://doi.
org/10.1111/j.1365‐294X.2005.02553.x
Excoffier,	 L.,	 &	 Lischer,	 H.	 E.	 L.	 (2010).	 Arlequin	 suite	 ver	 3.5:	 A	 new	
series	 of	 programs	 to	 perform	population	 genetics	 analyses	 under	












tance	 tracking	 of	 an	 apex	 predator.	 PLoS ONE,	 10(2),	 e0116916.	
https://doi.org/10.1371/journal.pone.0116916
Ferretti,	 F.,	 Worm,	 B.,	 Britten,	 G.	 L.,	 Heithaus,	 M.	 R.,	 &	 Lotze,	 H.	
K.	 (2010).	 Patterns	 and	 ecosystem	 consequences	 of	 shark	 de‐
clines	 in	 the	 ocean.	 Ecology Letters,	 13(8),	 1055–1071.	 https://doi.
org/10.1111/j.1461‐0248.2010.01489.x














species	 number,	 distribution	 and	 endemism	 of	 the	 coral	 genus	
Pocillopora	 Lamarck,	 1816	 using	 species	 delimitation	methods	 and	
microsatellites.	Molecular Phylogenetics and Evolution,	109,	430–446.	
https://doi.org/10.1016/j.ympev.2017.01.018
Gerlach,	G.,	 Jueterbock,	A.,	 Kraemer,	 P.,	Deppermann,	 J.,	 &	Harmand,	
P.	 (2010).	 Calculations	 of	 population	 differentiation	 based	 on	 GST 
and	D:	Forget	GST	but	not	all	of	statistics!.	Molecular Ecology,	19(18),	
3845–3852.	https://doi.org/10.1111/j.1365‐294X.2010.04784.x
Goudet,	 J.	 (1995).	 FSTAT	 (Version	1.2):	A	 computer	 program	 to	 calcu‐
late	 F‐statistics.	 Journal of Heredity,	 86(6),	 485–486.	 https://doi.
org/10.1093/oxfordjournals.jhered.a111627
Guindon,	 S.,	 Dufayard,	 J.‐F.,	 Lefort,	 V.,	 Anisimova,	 M.,	 Hordijk,	W.,	 &	
Gascuel,	O.	 (2010).	New	algorithms	and	methods	to	estimate	max‐
imum‐likelihood	phylogenies:	Assessing	the	performance	of	PhyML	







Shark	Bay,	Western	Australia:	Sex	 ratio,	 size	distribution,	diet,	 and	
seasonal	changes	in	catch	rates.	Environmental Biology of Fishes,	61(1),	
25–36.	https://doi.org/10.1023/a:1011021210685
Heithaus,	M.	R.,	Frid,	A.,	Wirsing,	A.	 J.,	&	Worm,	B.	 (2008).	Predicting	
ecological	 consequences	 of	 marine	 top	 predator	 declines.	 Trends 
in Ecology & Evolution,	 23(4),	 202–210.	 https://doi.org/10.1016/j.
tree.2008.01.003
Heithaus,	 M.	 R.,	 Hamilton,	 I.	 M.,	 Wirsing,	 A.	 J.,	 &	 Dill,	 L.	 M.	 (2006).	
Validation	 of	 a	 randomization	 procedure	 to	 assess	 animal	 hab‐
itat	 preferences:	 Microhabitat	 use	 of	 tiger	 sharks	 in	 a	 seagrass	
ecosystem.	 Journal of Animal Ecology,	 75(3),	 666–676.	 https://doi.
org/10.1111/J.1365‐2656.2006.01087.X
Heithaus,	 M.	 R.,	 Wirsing,	 A.	 J.,	 Dill,	 L.	 M.,	 &	 Heithaus,	 L.	 I.	 (2007).	
Long‐term	movements	of	tiger	sharks	satellite‐tagged	in	Shark	Bay,	
     |  19PIROG et al.
Western	 Australia.	 Marine Biology,	 151(4),	 1455–1461.	 https://doi.
org/10.1007/S00227‐006‐0583‐Y
Hoelzel,	 A.	 R.,	 Shivji,	 M.	 S.,	 Magnussen,	 J.,	 &	 Francis,	 M.	 P.	 (2006).	
Low	 worldwide	 genetic	 diversity	 in	 the	 basking	 shark	 (Cetorhinus 
maximus).	 Biology Letters,	 2(4),	 639–642.	 https://doi.org/10.1098/
Rsbl.2006.0513
Hoffman,	J.	I.,	Grant,	S.	M.,	Forcada,	J.,	&	Phillips,	C.	D.	(2011).	Bayesian	
inference	 of	 a	 historical	 bottleneck	 in	 a	 heavily	 exploited	 ma‐
rine	 mammal.	 Molecular Ecology,	 20(19),	 3989–4008.	 https://doi.
org/10.1111/j.1365‐294X.2011.05248.x
Holland,	K.	N.,	Wetherbee,	B.	M.,	 Lowe,	C.	G.,	&	Meyer,	C.	G.	 (1999).	
Movements	 of	 tiger	 sharks	 (Galeocerdo cuvier)	 in	 coastal	Hawaiian	













mous	tiger	shark	(Galeocerdo cuvier).	Royal Society Open Science,	5(1),	
171385.	https://doi.org/10.1098/rsos.171385
Holmes,	B.	J.,	Sumpton,	W.	D.,	Mayer,	D.	G.,	Tibbetts,	 I.	R.,	Neil,	D.	T.,	
&	 Bennett,	 M.	 B.	 (2012).	 Declining	 trends	 in	 annual	 catch	 rates	
of	 the	 tiger	 shark	 (Galeocerdo cuvier)	 in	 Queensland,	 Australia.	
Fisheries Research,	 129–130,	 38–45.	 https://doi.org/10.1016/j.
fishres.2012.06.00
Holmes,	B.	J.,	Williams,	S.	M.,	Otway,	N.	M.,	Nielsen,	E.	E.,	Maher,	S.	L.,	
Bennett,	M.	B.,	&	Ovenden,	 J.	R.	 (2017).	Population	 structure	 and	
connectivity	 of	 tiger	 sharks	 (Galeocerdo cuvier)	 across	 the	 Indo‐







primer	 cocktails	 for	 fish	 DNA	 barcoding.	 Molecular Ecology Notes,	
7(4),	544–548.	https://doi.org/10.1111/j.1471‐8286.2007.01748.x
Jombart,	T.	(2008).	Adegenet:	A	R	package	for	the	multivariate	analysis	
of	 genetic	 markers.	 Bioinformatics,	 24(11),	 1403–1405.	 https://doi.
org/10.1093/bioinformatics/btn129
Jombart,	T.,	Devillard,	S.,	&	Balloux,	F.	 (2010).	Discriminant	analysis	of	
principal	 components:	 A	 new	 method	 for	 the	 analysis	 of	 geneti‐
cally	 structured	 populations.	 BMC Genetics,	 11(1),	 94.	 https://doi.
org/10.1186/1471‐2156‐11‐94
Jost,	 L.	 (2008).	 GST	 and	 its	 relatives	 do	 not	 measure	 differen‐






Phylogeography	 and	 conservation	 of	 the	 bull	 shark	 (Carcharhinus 
leucas)	 inferred	 from	 mitochondrial	 and	 microsatellite	 DNA.	

















mates	 for	 the	 tiger	 shark,	Galeocerdo cuvier,	 in	 the	Western	North	






tional	methods	and	studies.	Environmental Biology of Fishes,	60(1–3),	
191–223.	https://doi.org/10.1023/A:1007679303082
Kopelman,	 N.	 M.,	 Mayzel,	 J.,	 Jakobsson,	 M.,	 Rosenberg,	 N.	 A.,	 &	
Mayrose,	 I.	 (2015).	 Clumpak:	 A	 program	 for	 identifying	 cluster‐
ing	 modes	 and	 packaging	 population	 structure	 inferences	 across	





141(1),	 61–67.	 https://doi.org/10.1111/j.1601‐5223.2004. 
01804.x
Koutavas,	A.,	Lynch‐Stieglitz,	J.,	Marchitto,	T.	M.,	&	Sachs,	J.	P.	 (2002).	
El	 Niño‐like	 pattern	 in	 ice	 age	 tropical	 Pacific	 sea	 surface	 tem‐
perature.	 Science,	 297(5579),	 226–230.	 https://doi.org/10.1126/
science.1072376
Lanfear,	 R.,	 Frandsen,	 P.	 B.,	 Wright,	 A.	 M.,	 Senfeld,	 T.,	 &	 Calcott,	 B.	
(2017).	 PartitionFinder	 2:	 New	 methods	 for	 selecting	 partitioned	
models	of	evolution	 for	molecular	and	morphological	phylogenetic	
analyses.	Molecular Biology and Evolution,	34(3),	772–773.	https://doi.
org/10.1093/molbev/msw260
Lea,	J.	S.	E.,	Wetherbee,	B.	M.,	Queiroz,	N.,	Burnie,	N.,	Aming,	C.,	Sousa,	
L.	 L.,	…	Shivji,	M.	S.	 (2015).	Repeated,	 long‐distance	migrations	by	
a	 philopatric	 predator	 targeting	 highly	 contrasting	 ecosystems.	
Scientific Reports,	5,	11202.	https://doi.org/10.1038/srep11202
Leigh,	J.	W.,	&	Bryant,	D.	(2015).	POPART:	Full‐feature	software	for	hap‐
lotype	network	construction.	Methods in Ecology and Evolution,	6(9),	
1110–1116.	https://doi.org/10.1111/2041‐210X.12410
Lessios,	 H.	 A.	 (1988).	 Mass	 mortality	 of	 Diadema antillarum	 in	 the	
Caribbean:	 What	 have	 we	 learned?	 Annual Review of Ecology and 
Systematics,	 19(1),	 371–393.	 https://doi.org/10.1146/annurev.
es.19.110188.002103
Librado,	P.,	&	Rozas,	J.	(2009).	DnaSP	v5:	A	software	for	comprehensive	





bird	Harmonia axyridis. Molecular Ecology,	23(24),	5979–5997.	https://
doi.org/10.1111/mec.12989
Lowe,	 C.	 G.,	 Wetherbee,	 B.	 M.,	 Crow,	 G.	 L.,	 &	 Tester,	 A.	 L.	 (1996).	
Ontogenetic	dietary	shifts	and	feeding	behavior	of	the	tiger	shark,	
Galeocerdo cuvier,	Hawaiian	waters.	Environmental Biology of Fishes,	
47(2),	203–211.	https://doi.org/10.1007/Bf00005044













Meirmans,	 P.	G.	 (2015).	 Seven	 common	mistakes	 in	 population	 genet‐




and	 cross‐species	 amplification	 using	 pyrosequencing	 technology.	
PeerJ,	4,	e2205.	https://doi.org/10.7717/peerj.2205
Meyer,	 C.	 G.,	 Clark,	 T.	 B.,	 Papastamatiou,	 Y.	 P.,	 Whitney,	 N.	 M.,	 &	
Holland,	K.	N.	(2009).	Long‐term	movement	patterns	of	tiger	sharks	











Molfetti,	 É.,	 Torres	 Vilaça,	 S.,	 Georges,	 J.‐Y.,	 Plot,	 V.,	 Delcroix,	 E.,	 Le	
Scao,	 R.,	 …	 de	 Thoisy,	 B.	 (2013).	 Recent	 demographic	 history	 and	
present	 fine‐scale	 structure	 in	 the	Northwest	Atlantic	 leatherback	
(Dermochelys coriacea)	 turtle	 population.	 PLoS ONE,	 8(3),	 e58061.	
https://doi.org/10.1371/journal.pone.0058061
Musick,	 J.	A.	 (2010).	Chondrichthyan	 reproduction.	 In	K.	 S.	Cole	 (Ed.),	
Reproduction and sexuality in marine fishes	 (pp.	3–20).	Berkeley	and	
Los	Angeles,	California,	USA:	University	of	California	Press.
Musick,	J.	A.,	Burgess,	G.,	Cailliet,	G.,	Camhi,	M.,	&	Fordham,	S.	(2000).	
Management	 of	 sharks	 and	 their	 relatives	 (Elasmobranchii).	
Fisheries,	 25(3),	 9–13.	 https://doi.org/10.1577/1548‐8446(2000)	
025<0009:MOSATR>2.0.CO;2
Myers,	R.	A.,	Baum,	J.	K.,	Shepherd,	T.	D.,	Powers,	S.	P.,	&	Peterson,	C.	
H.	 (2007).	 Cascading	 effects	 of	 the	 loss	 of	 apex	 predatory	 sharks	
from	 a	 coastal	 ocean.	 Science,	 315(5820),	 1846–1850.	 https://doi.
org/10.1126/science.1138657
Myers,	 R.	 A.,	 &	Worm,	 B.	 (2005).	 Extinction,	 survival	 or	 recovery	 of	
large	predatory	fishes.	Philosophical Transactions of the Royal Society 




population	 structure	 in	 the	 scalloped	 hammerhead	 shark,	 Sphyrna 





branch	diversity	and	parasitology.	Bulletin of the American Museum of 
Natural History,	367,	1–262.	https://doi.org/10.1206/754.1
Naylor,	 G.	 J.	 P.,	 Ryburn,	 J.	 A.,	 Fedrigo,	 O.,	 &	 Lopez,	 J.	 A.	 (2005).	
Phylogenetic	relationships	among	the	major	lineages	of	modern	elas‐
mobranchs.	In	W.	C.	Hamlett,	&	B.	G.	M.	Jamieson	(Eds.),	Reproductive 
biology and phylogeny of chondrichthyans (sharks, skates, stingrays and 
chimaeras).	Enfield,	NH:	Science	Publishers.
O'Connor,	S.,	Ono,	R.,	&	Clarkson,	C.	 (2011).	Pelagic	 fishing	at	42,000	
years	 before	 the	 present	 and	 the	 maritime	 skills	 of	 modern	 hu‐











B.	 D.,	 …	Martin,	 A.	 P.	 (2001).	 Sex‐biased	 dispersal	 of	 great	 white	
sharks	‐	In	some	respects,	these	sharks	behave	more	like	whales	and	




leucas	 (bull	 shark)	 and	 cross‐amplification	 in	 Galeocerdo cuvier 
(tiger	 shark),	Carcharhinus obscurus	 (dusky	 shark)	 and	Carcharhinus 
plumbeus	(sandbar	shark).	Conservation Genetics Resources,	7(1),	121–
124.	https://doi.org/10.1007/s12686‐014‐0308‐3
Pirog,	 A.,	 Jaquemet,	 S.,	 Blaison,	 A.,	 Soria,	 M.,	 &	 Magalon,	 H.	 (2016).	
Isolation	 and	 characterization	 of	 eight	 microsatellite	 loci	 from	
Galeocerdo cuvier	(tiger	shark)	and	cross‐amplification	in	Carcharhinus 
leucas, Carcharhinus brevipinna, Carcharhinus plumbeus	 and	Sphyrna 
lewini. PeerJ,	4,	e2041.	https://doi.org/10.7717/peerj.2041
Pirog,	 A.,	 Jaquemet,	 S.,	 Ravigné,	 V.,	 Rieux,	 A.,	 Fontaine,	 M.	 C.,	 Cliff,	
G.,	 …	 Magalon,	 H.	 (2019).	 Population	 structure,	 connectivity	 and	
demographic	 history	 of	 an	 apex	 marine	 predator,	 the	 bull	 shark	
Carcharhinus leucas. Ecology and Evolution, in revision.
Pirog,	A.,	Magalon,	H.,	&	 Jaquemet,	 S.	 (2019).	 First	 description	 of	 the	
tiger	shark	Galeocerdo cuvier	reproductive	biology	in	Reunion	Island,	






structure	 and	 post‐glacial	 genetic	 demography	 in	 a	migratory	ma‐
rine	species,	the	blacknose	shark,	Carcharhinus acronotus. Molecular 
Ecology,	23(22),	5480–5495.	https://doi.org/10.1111/mec.12954
Pritchard,	J.	K.,	Stephens,	M.,	&	Donnelly,	P.	 (2000).	 Inference	of	pop‐













Ramos‐Onsins,	 S.	 E.,	 &	 Rozas,	 J.	 (2000).	 Statistical	 properties	 of	 new	
neutrality	 tests	 against	 population	 growth.	 Molecular Biology and 
Evolution,	 19(12),	 2092–2100.	 https://doi.org/10.1093/oxfordjour‐
nals.molbev.a004034
Reid,	D.	D.,	&	Krogh,	M.	(1992).	Assessment	of	catches	from	protective	
shark	 meshing	 off	 New	 South	Wales	 beaches	 between	 1950	 and	
     |  21PIROG et al.




Meshing	Program	1950–2010.	Marine and Freshwater Research,	62(6),	
676–693.	https://doi.org/10.1071/MF10162
Rick,	 T.	 C.,	 Erlandson,	 J.	 M.,	 Glassow,	 M.	 A.,	 &	 Moss,	 M.	 L.	 (2002).	
Evaluating	 the	 economic	 significance	 of	 sharks,	 skates,	 and	 rays	









by	 the	 Queensland	 shark	 meshing	 program	 off	 Townsville,	 Australia.	
Australian Journal of Marine and Freshwater Research,	43(1),	33–43.
Simpfendorfer,	 C.	 A.	 (2009)	 Galeocerdo	 cuvier. The IUCN Red List of 






Galeocerdo cuvier,	 at	 a	 protected	 female‐dominated	 site.	 Aquatic 
Biology,	24(3),	175–184.	https://doi.org/10.3354/ab00648
Sumpton,	W.	D.,	 Taylor,	 S.	M.,	Gribble,	N.	 A.,	McPherson,	G.,	 &	Ham,	
T.	 (2011).	 Gear	 selectivity	 of	 large‐mesh	 nets	 and	 drumlines	 used	
to	 catch	 sharks	 in	 the	Queensland	Shark	Control	Program.	African 







and	challenges	for	research	and	management.	Reviews in Fish Biology 
& Fisheries,	28(1),	89–115.
Tillett,	 B.	 J.,	Meekan,	M.	G.,	 Field,	 I.	 C.,	 Thorburn,	D.	 C.,	 &	Ovenden,	
J.	R.	 (2012).	Evidence	 for	 reproductive	philopatry	 in	 the	bull	 shark	







Van	 Oosterhout,	 C.,	 Hutchinson,	 W.	 F.,	 Wills,	 D.	 P.	 M.,	 &	 Shipley,	 P.	
(2004).	MICRO‐CHECKER:	Software	 for	 identifying	and	correcting	





blue	shark	(Prionace glauca).	Ecology and Evolution,	7(13),	4768–4781.	
https://doi.org/10.1002/ece3.2987
Verity,	R.,	&	Nichols,	R.	A.	 (2016).	Estimating	 the	number	of	 subpopu‐
lations	 (K)	 in	 structured	 populations.	Genetics,	 203(4),	 1827–1839.	
https://doi.org/10.1534/genetics.115.180992
Vignaud,	 T.	M.,	Mourier,	 J.,	Maynard,	 J.	 A.,	 Leblois,	 R.,	 Spaet,	 J.	 L.	 Y.,	





D.	 R.,	 &	 Gasparetto,	 M.	 (2006).	 Elasmobranch	 immune	 cells	 as	 a	
source	of	novel	tumor	cell	inhibitors:	Implications	for	public	health.	
Integrative and Comparative Biology,	 46(6),	 1072–1081.	 https://doi.
org/10.1093/icb/icl041
Wang,	 J.	 (2017).	 The	 computer	 program	 structure	 for	 assign‐
ing	 individuals	 to	 populations:	 Easy	 to	 use	 but	 easier	 to	 mis‐









E.	 (2014).	 Reef‐fidelity	 and	 migration	 of	 tiger	 sharks,	 Galeocerdo 





Wintner,	S.	P.,	&	Dudley,	S.	F.	 J.	 (2000).	Age	and	growth	estimates	 for	
the	 tiger	 shark,	 Galeocerdo cuvier,	 from	 the	 East	 coast	 of	 South	
Africa.	 Marine and Freshwater Research,	 51(1),	 43–53.	 https://doi.
org/10.1071/MF99077
Wirsing,	 A.	 J.,	 Heithaus,	 M.	 R.,	 &	 Dill,	 L.	 M.	 (2006).	 Tiger	 shark	
(Galeocerdo cuvier)	 abundance	 and	 growth	 in	 a	 subtropical	 em‐
bayment:	 Evidence	 from	 7	 years	 of	 standardized	 fishing	 ef‐
fort.	 Marine Biology,	 149(4),	 961–968.	 https://doi.org/10.1007/
S00227‐006‐0278‐4
Wirsing,	 A.	 J.,	 Heithaus,	 M.	 R.,	 &	 Dill,	 L.	 M.	 (2007).	 Fear	 factor:	 Do	
dugongs	 (Dugong dugon)	 trade	 food	 for	 safety	 from	 tiger	 sharks	
(Galeocerdo cuvier)?	 Oecologia,	 153(4),	 1031–1040.	 https://doi.
org/10.1007/s00442‐007‐0802‐3
Wong,	E.	H.	K.,	Shivji,	M.	S.,	&	Hanner,	R.	H.	(2009).	Identifying	sharks	
with	DNA	barcodes:	Assessing	 the	utility	 of	 a	 nucleotide	diagnos‐
tic	 approach.	Molecular Ecology Resources,	9,	 243–256.	 https://doi.
org/10.1111/J.1755‐0998.2009.02653.X





Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.	
How to cite this article:	Pirog	A,	Jaquemet	S,	Ravigné	V,	et	al.	
Genetic	population	structure	and	demography	of	an	apex	
predator,	the	tiger	shark	Galeocerdo cuvier. Ecol Evol. 
2019;00:1–21. https://doi.org/10.1002/ece3.5111
